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Quantum teleportation is the faithful transfer of quantum states between systems, relying on the
prior establishment of entanglement and using only classical communication during the transmission.
We report teleportation of quantum information between atomic quantum memories separated by
about 1 meter. A quantum bit stored in a single trapped ytterbium ion (Yb+) is teleported to a
second Yb+atom with an average fidelity of 90% over a replete set of states. The teleportation
protocol is based on the heralded entanglement of the atoms through interference and detection of
photons emitted from each atom and guided through optical fibers. This scheme may be used for
scalable quantum computation and quantum communication.
A defining feature of quantum physics is the inherent
uncertainty of physical properties, despite the fact that
we observe only definite states after a measurement. The
conventional interpretation is that the measurement pro-
cess itself can irreversibly influence the quantum system
under study. The field of quantum information science
makes use of this notion and frames quantum mechanics
in terms of the storage, processing, and communication
of information. In particular, the back-action of measure-
ment underlies the quantum no cloning theorem, which
states that it is impossible to generate identical copies of
an unknown quantum state [1]. Nevertheless, a quantum
state can still be transferred from one system to another
by the process of quantum teleportation [2]. A quantum
state initially stored in system A can be teleported to sys-
tem B by using the resource of quantum entanglement
or the quantum correlation between systems that do not
have well-defined individual properties. Relaying the re-
sult of a destructive measurement of system A allows
the original quantum state to be recovered at system B
without ever having traversed the space between the sys-
tems. The ability to teleport quantum information is an
essential ingredient for the long-distance quantum com-
munication afforded by quantum repeaters [3] and may
be a vital component to achieve the exponential process-
ing speed-up promised by quantum computation [4].
The experimental implementation of teleportation has
been accomplished in optical systems by using down-
converted photons [5, 6] and squeezed light with contin-
uous variable entanglement [7]. Teleportation has also
been accomplished between photons and a single atomic
ensemble [8, 9]. Because photons are able to carry quan-
tum information and establish entanglement over long
distances, these experiments demonstrated the nonlocal
behavior of teleportation. However, a quantum mem-
ory is required at both transmitting and receiving sites
in order to scale this protocol to quantum networks and
propagate quantum information over multiple nodes [10].
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FIG. 1: The experimental setup. Two Yb+ions are trapped in
independent vacuum chambers. An externally applied mag-
netic field B determines a quantization axis for defining the
polarization of photons emitted by each atom. Spontaneously
emitted photons are collected with an objective lens, coupled
into a single-mode fiber, and directed to interfere on a beam-
splitter (BS). Polarizing beamsplitters (PBSs) filter out pho-
tons resulting from σ decays in the atoms. The remaining
pi-polarized photons are detected by single-photon counting
PMTs.
Deterministic teleportation between quantum memories
has been demonstrated with trapped atomic ions in close
proximity to one another, relying on the mutual Coulomb
interaction [11, 12, 13]. In contrast to the optical sys-
tems, these implementations feature long-lived coher-
ences stored in good quantum memories but lack the
ability to easily transmit quantum information over long
distances.
We present the implementation of a heralded telepor-
tation protocol where the advantages from both optical
systems and quantum memories are combined to tele-
port quantum states between two trapped ytterbium ion
(Yb+) quantum bits (qubits) over a distance of about
1 m. We fully characterized the system by perform-
ing tomography on the teleported states, enabling com-
plete process tomography of the teleportation protocol.
The measured average teleportation fidelity of 90 ± 2%
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2(90(2)%) over a set of mutually unbiased basis states,
which is well above the 2/3 fidelity threshold that could
be achieved classically, unequivocally demonstrates the
quantum nature of the process [14, 15]. Our teleporta-
tion protocol represents the implementation of a prob-
abilistic measurement-based gate that could be used to
generate entangled states for scalable quantum compu-
tation [16, 17].
A schematic of the experimental setup (Fig. 1) shows
a single Yb+atom confined and Doppler laser-cooled in
each of two nearly identical radiofrequency (rf) Paul
traps, located in independent vacuum chambers [18, 19,
20, 21]. An ion will typically remain in the trap for sev-
eral weeks. The qubit states in each atom are chosen
to be the first-order magnetic field-insensitive hyperfine
“clock” states of the 2S1/2 level, |F = 0,mF = 0〉 and
|F = 1,mF = 0〉, which are separated by 12.6 GHz and
defined to be |0〉 and |1〉, respectively. In this notation,
F is the total angular momentum of the atom, and mF
is its projection along a quantization axis defined by an
external magnetic field B . The qubit exhibits coherence
times observed to be greater than 2.5 s and thus serves
as an excellent quantum memory [20].
For the teleportation protocol (Fig. 2A), the states
of the atomic qubits are initialized with a 1-µs pulse
of 369.5-nm light resonant with the 2S1/2|F = 1〉 ↔
2P1/2|F = 1〉 transition that optically pumps the ions
to |0〉 with probability greater than 99% [20]. We can
then prepare any superposition of |0〉 and |1〉 by apply-
ing a resonant microwave pulse with controlled phase
and duration (0 to 16 µs) directly to one of the trap
electrodes. The quantum state to be teleported is writ-
ten to ion A by using this microwave pulse, which pre-
pares ion A in the state |Ψ(t1)〉A = α|0〉A + β|1〉A. A
separate microwave pulse prepares ion B in the definite
state |Ψ(t1)〉B = |0〉B + |1〉B , where for simplicity we ne-
glect normalization factors and assume ideal state evolu-
tion throughout our discussion. After this state prepara-
tion, each ion is excited to the 2P1/2 level with near-unit
probability by an ultrafast laser pulse (≈1 ps) having a
linear polarization aligned parallel to the quantization
axis (pi-polarized) and a central wavelength of 369.5 nm.
Due to the polarization of the pulse and atomic selec-
tion rules, the broadband pulse coherently transfers |0〉
to 2P1/2|F = 1,mF = 0〉 and |1〉 to 2P1/2|F = 0,mF = 0〉
(Fig. 2B) [22]. Because the duration of this pulse is much
shorter than the τ ≈ 8 ns natural lifetime of the 2P1/2
level, each ion spontaneously emits a single photon while
returning to the 2S1/2 ground state [18]. The emitted
photons at 369.5 nm can each be collected along a direc-
tion perpendicular to the quantization axis by objective
lenses of numerical aperture NA = 0.23 and coupled into
single-mode fibers. Observation along this direction al-
lows for polarization filtering of the emitted photons be-
cause those produced by pi and σ transitions appear as
orthogonally polarized [23]. Considering only pi decays
results in each ion being entangled with the frequency of
its emitted photon such that
|Ψ(t2)〉A = α|0〉A|νblue〉A + β|1〉A|νred〉A
|Ψ(t2)〉B = |0〉B |νblue〉B + |1〉B |νred〉B , (1)
where |νblue〉 and |νred〉 are single photon states hav-
ing well-resolved frequencies νblue and νred, each with
a bandwidth of 1/(2piτ) ≈ 20 MHz and frequency differ-
ence νblue − νred = 14.7 GHz. The outputs of the fibers
are directed to interfere at a 50:50 nonpolarizing beam-
splitter, with a measured mode overlap greater than 98%.
Because of the quantum interference of the two photons,
a simultaneous detection at both output ports of the
beamsplitter occurs only if the photons are in the state
|Ψ−〉photons = |νblue〉|νred〉 − |νred〉|νblue〉 [24, 25, 26],
which projects the ions into the entangled state [27]:
〈Ψ−(t3)|photons (|Ψ(t3)〉A ⊗ |Ψ(t3)〉B) =
|Ψ(t3)〉ions = α|0〉A|1〉B − β|1〉A|0〉B . (2)
A coincident detection of two photons is therefore the
heralding event that announces the success of the ion-ion
entangling gate operation 12 σˆ
A
3
(
σˆA0 σˆ
B
0 − σˆA3 σˆB3
)
, where
σˆi0 is the identity and σˆ
i
3 the z-Pauli operator acting on
the ith qubit [16]. In the current setup, this entangling
gate only succeeds with probability Pgate ≈ 2.2 × 10−8,
limited by the efficiency of collecting and detecting both
spontaneously emitted photons. Therefore, the previous
steps (state preparation and pulsed excitation) are re-
peated at a rate of 40 to 75 kHz, including intermittent
cooling, until the gate operation is successful (every 12
min, on average). Because each attempt is independent
of all others, this protocol allows for a sequence of un-
known and unrelated input states. After the entangle-
ment has been confirmed by the heralding event, another
pulse of microwaves transforms the state of ion A through
the rotation operator Ry(pi/2), altering the state of the
ions given in Eq. 2 to
|Ψ(t4)〉ions = α (|0〉A + |1〉A)|1〉B−
β (−|0〉A + |1〉A)|0〉B . (3)
We then measure the state of ion A with standard flu-
orescence techniques, by illuminating the ion with laser
light at 369.5 nm, resonant with the 2S1/2|F = 1〉 ↔
2P1/2|F = 0〉 transition. If the ion is in the state |1〉,
it scatters many photons, whereas if the ion is in the
state |0〉 the light is off-resonance and almost no pho-
tons are scattered. By detecting the fluorescence of the
atom with a single-photon counting photomultiplier tube
(PMT), we discriminate between |0〉 and |1〉 with an error
of about 2% [20].
Measuring ion A projects ion B into one of the two
states:
|Ψ(t5)〉B = α|1〉B + β|0〉B (if measured |0〉A)
|Ψ(t5)〉B = α|1〉B − β|0〉B (if measured |1〉A). (4)
3FIG. 2: (A) Schematic of the teleportation protocol. Each ion is first initialized to |0〉 by optical pumping. The state to be
teleported is written to ion A by a microwave pulse, whereas a separate microwave pulse prepares ion B in a known superposition
(t1). A laser pulse excites each atom, as shown in (B). The frequency of an emitted pi-polarized photon (selected by polarization
filtering) is then entangled with the hyperfine levels of the atom (t2). These two photons interfere at a BS, as illustrated in
Fig. 1, resulting in a coincident detection only if the photons are in the |Ψ−〉photons state, which heralds the success of the
ion-ion entangling gate (t3). If the gate is successful, ion A is rotated by pi/2 (t4) and measured (t5). A microwave pulse with
phase conditioned on the outcome of the measurement on ion A is then applied to ion B to complete the teleportation of the
quantum state (t6). (B) Ion-photon entanglement process. A broadband picosecond pulse with a central wavelength at 369.5
nm is used to coherently excite |0〉 and |1〉 to the 2P1/2 level. Because of the atomic selection rules and polarization filtering
with PBSs to only observe photons from a pi decay, the coherence of the atomic states is retained.
The result of the measurement on ion A is relayed
through a classical communication channel and used to
determine the necessary phase of a conditional microwave
pi pulse applied to ion B to recover the state initially writ-
ten to ion A; measuring |0〉A requires the rotation Rx(pi),
whereas |1〉A demands Ry(pi). Afterward, the state of ion
B is ideally |Ψ(t6)〉B = α|0〉B + β|1〉B , which completes
the teleportation of the quantum state between the two
distant matter qubits.
The teleportation protocol we present differs from the
original proposal [2] in that we use four qubits (two atoms
and two photons) rather than three, and our imple-
mentation is intrinsically probabilistic because the two-
photon Bell states are not all deterministically distin-
guishable [5, 26, 27]. Nevertheless, the heralding event of
the two-photon coincident detection still allows our tele-
portation protocol to succeed without postselection [15].
In addition, establishing the quantum channel between
the (atomic) quantum memories with photons and en-
tanglement swapping allows the atoms to be separated
by a large distance from the outset.
A successful implementation of this teleportation pro-
tocol requires the transmission of two classical bits of in-
formation: one to announce the success of the entangling
gate and another to determine the proper final rotation
to recover the teleported state at ion B. Although these
classical bits do not contain any information about α or
β, in the absence of this classical information ion B is
left in a mixed state (Eq. 4), and the protocol fails. The
required classical communication assures that no infor-
mation is transferred superluminally [2].
We evaluate the teleportation protocol by performing
state tomography on each teleported state. The tomo-
graphic reconstruction of the single-qubit density matrix
can be completed by measuring the state in three mutu-
ally unbiased measurement bases. Because measurement
of the ion occurs via the aforementioned state fluores-
cence technique, measurement in the remaining two bases
requires an additional microwave pulse before detection;
we define the rotation {Ry(pi/2), Rx(pi/2), R(0)} before
detection to correspond to measurement in the basis {x,
y, z}. The single-qubit density matrix is then recon-
structed from these measurements with use of a simple
analytical expression [28].
We teleport and perform tomography on the set of
six mutually unbiased basis states |Ψideal〉 ∈ { |0〉 + |1〉,
|0〉−|1〉, |0〉+ ı˙|1〉, |0〉− ı˙|1〉, |0〉, |1〉 }. The reconstructed
density matrix, ρ, for each of these teleported states is
shown in Fig. 3. The fidelity of the teleportation, defined
as the overlap of the ideal teleported state and the mea-
sured density matrix f = 〈Ψideal|ρ|Ψideal〉, for this set of
states is measured to be f = {0.91(3), 0.88(4), 0.92(4),
0.91(4), 0.93(4), 0.88(4)}, yielding an average teleporta-
tion fidelity f¯ = 0.90(2). The experimental teleporta-
tion fidelities surpass the maximum value of 2/3 that is
achievable by classical means, explicitly demonstrating
the quantum nature of the process [14, 15].
The reconstructed density matrices also facilitate full
characterization of the teleportation protocol by quan-
tum process tomography. We can completely describe
the effect of the teleportation protocol on an input state
ρin by determining the process matrix χ, defined by
ρ =
∑3
l,k=0 χlkσˆlρinσˆk, where to evaluate our process
4FIG. 3: Tomography of the teleported quantum states. The reconstructed density matrices, ρ, for the six unbiased basis states
teleported from ion A to ion B: (A) |Ψideal〉 = |0〉+ |1〉 teleported with fidelity f = 0.91(3), (B) |Ψideal〉 = |0〉 − |1〉 teleported
with fidelity f = 0.88(4), (C) |Ψideal〉 = |0〉 + ı˙|1〉 teleported with fidelity f = 0.92(4), (D) |Ψideal〉 = |0〉 − ı˙|1〉 teleported
with fidelity f = 0.91(4), (E) |Ψideal〉 = |0〉 teleported with fidelity f = 0.93(4), and (F) |Ψideal〉 = |1〉 teleported with fidelity
f = 0.88(4). These measurements yield an average teleportation fidelity f¯ = 0.90(2), where we have defined the fidelity as the
overlap of the ideal teleported state with the measured density matrix, f = 〈Ψideal|ρ|Ψideal〉. The data shown comprise a total
of 1285 events in 253 hours.
FIG. 4: Absolute value of the components of the recon-
structed process matrix, |χlk|, with l, k = 0, 1, 2, and 3. The
state tomography of the six mutually unbiased basis states
teleported between the two ions, displayed in Fig. 3, enables
process tomography of the teleportation protocol by a max-
imum likelihood method. The operators σˆi are the identity
(i = 0) and the x-, y-, and z-Pauli matrices (i = 1, 2, and 3).
As intended, the dominant component of χ is the contribution
of the identity operation, yielding an overall process fidelity
fprocess = tr (χidealχ) = 0.84(2), consistent with the average
fidelity cited above.
we take ρin = |Ψideal〉〈Ψideal|. The ideal process matrix,
χideal, has only one nonzero component, (χideal)00 = 1,
meaning the input state is faithfully teleported. We ex-
perimentally determine the process matrix χ (Fig. 4) by
using a maximum likelihood method [29] and calculate
the process fidelity to be fprocess = tr (χidealχ) = 0.84(2).
Given that the relation between the average fidelity and
process fidelity is fprocess =
(
3f¯ − 1) /2, this is consistent
with the average fidelity found above [30].
The deviation from unit average fidelity is consistent
with known experimental errors. The primary sources
that reduce the average fidelity are imperfect state detec-
tion (3.5%), photon mode mismatch at the 50:50 beam-
splitter (4%), and polarization mixing resulting from the
nonzero numerical aperture of the objective lens and from
misalignment with respect to the magnetic field (2%).
Other sources, including incomplete state preparation,
pulsed excitation to the wrong atomic state, dark counts
of the PMT leading to false coincidence events, photon
polarization rotation while traversing the optical fiber,
and multiple excitation resulting from pulsed laser light
leakage, are each expected to contribute to the error by
much less than 1%. Residual micromotion at the rf-drive
frequency of the ion trap, which alters the spectrum of
the emitted photons and degrades the quantum interfer-
ence, reduces the average fidelity by less than 1%.
The entangling gate central to this teleportation pro-
tocol is a heralded, probabilistic process. The net prob-
ability for coincident detection of two emitted photons is
given by Pgate = (pBell) [ppiηTfiberTopticsξ (∆Ω/4pi)]
2 ≈
2.2× 10−8, where pBell = 0.25 accounts for the detection
of only one out of the four possible Bell states; ppi = 0.5 is
the fraction of photons with the correct polarization (half
5are filtered out as being produced by σ decays); η = 0.15
is the quantum efficiency of each PMT; Tfiber = 0.2 is
the coupling and transmission of each photon through
the single-mode optical fiber; Toptics = 0.95 is the trans-
mission of each photon through the other optical compo-
nents; ξ = 1−0.005 = 0.995, where 0.005 is the branching
ratio into the 2D3/2 level; and ∆Ω/4pi = 0.02 is the solid
angle of light collection. The attempt rate of 75 kHz
is currently limited by the time of the state preparation
microwave pulse, resulting in about one successful tele-
portation event every 12 min. However, the expression
for Pgate reveals multiple ways to substantially increase
the success rate. The most dramatic increase would be
achieved by increasing the effective solid angle of collec-
tion, which, for instance, could be accomplished by sur-
rounding each ion with an optical cavity. Although im-
provements that increase the success probability of the
gate operation can enhance scalability, even with a low
success probability this gate can still be scaled to more
complex systems [16].
The fidelity obtained in the current experiment is ev-
idence of the excellent coherence properties of the pho-
tonic frequency qubit and the “clock” state atomic qubit.
Together, these complementary qubits provide a robust
system for applications in quantum information. The
teleportation scheme demonstrated here could be used as
the elementary constituent of a quantum repeater. More-
over, the entangling gate implemented in this protocol
may be used for scalable measurement-based quantum
computation.
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